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ABSTRACT 
 Although strongly adsorbing ions are relatively immobile within soil, ion 
transport can be enhanced by preferential flow and by adsorption of ions to 
mobile colloids.  The primary objective of this research was to determine the 
influence of preferential flow paths on the transportation of phosphorus (P) 
through a soil profile.  Secondary objectives were to determine the effect of 
fertilizer type (inorganic vs. organic) and colloids on the transport of P.   
Eight soil monoliths with a diameter of 0.3 m and a length of 0.75 m were 
collected from the Water Quality field site at the Ames Plantation.  Four monoliths 
were treated with poultry litter, and four were treated with diammonium 
phosphate (DAP) and urea.  Fertilizer application rate was based on the 
recommended nitrogen rate for corn in west Tennessee at 168 kg ha-1 N.  
Artificial rainfall was applied to the tops of the monoliths in two Phases:  
(i) Phase I- 5 mm d-1, with a bromide tracer and (ii) Phase II- 20 mm every fourth 
day, with a chloride tracer.   Leachate was collected at the base of the monolith 
and concentrations of total P (Ptot), inorganic P (Pino), Cl and Br were measured.  
The relative amount of P transported preferentially versus through the soil matrix 
was compared by constructing breakthrough curves (BTC) of the effluent from 
the base of the monoliths.  At the base of the monoliths, a brass barb collected 
the water that drained from the monoliths under zero tension.  The water from the 
soil matrix was sampled by four fiberglass wicks inserted into the soil at the base 
of each monolith.  Sub-samples of the effluent were analyzed after being filtered 
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with a 0.45- and/or 0.1-µm nylon filters to evaluate the influence of P transport by 
colloids.   
Two monoliths had an early Br detection and elevated P concentrations 
following the application of fertilizer during Phase I.  The total, unfiltered P (Ptot,uf) 
concentrations from the zero tension samples was significantly different (P<0.05) 
from the wick samples collected from monolith 4, indicating that the presence of 
preferential flow paths influenced P transport.  Colloids were responsible for 
approximately 30% of the P transport during Phase I.  The Ptot,uf concentrations 
from the zero tension samples and wick samples were significantly different 
(P<0.05) from the total, filtered P (Ptot,fil) signifying that colloids assist  in the 
transport of P.  The mass of Pino and Porg transported by the monoliths treated 
with poultry litter did not differ significantly (P>0.05) from the monoliths treated 
with DAP and urea, suggesting that fertilizer type did not influence P transport in 
this study.   
Phase II resulted in a much higher concentration of P in the leachate.  The 
only significant difference between Ptot,uf concentrations from the zero tension 
samples and wick samples was detected in monoliths 2 and 3 (P<0.05).  The role 
of colloids during Phase II did not significantly influence the transport of P 
through the soil (P>0.05).  Also, Fertilizer type did not significantly influence the 
transport of P through the monoliths (P>0.05). 
Preferential flow paths influenced the transport of P through the soil 
monoliths.  Higher P concentrations were noted under high intensity rainfall 
following fertilizer application.  Colloids contributed 30% of P transported during 
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low flow, and were insignificant during high flow.  Fertilizer type 
(inorganic/organic) did not affect the transport of P. 
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Chapter 1 
 
INTRODUCTION  
 
Justification for Research 
 
Animal wastes are typically applied on the basis on nitrogen (N) 
requirements for a specific crop and often result in the over application of P.  The 
United State Environmental Protection Agency (USEPA) perceives 
eutrophication, which is primarily affected by P in fresh water systems, as the 
predominant water quality issue facing the US in the future (USEPA, 1996).  The 
USEPA recommends that the concentration of soluble (Psol), which is the form of 
P that is readily bioavailable, not to surpass 0.1 mg L-1 in lakes and reservoirs.  
Healthy lakes and reservoirs have a Psol concentration between 0.010 to  
0.030 mg L-1 (USEPA, 1986).  
Eutrophication is caused by the excessive input of N and P into surface 
water which stimulates the growth of algae and other aquatic vegetation.  P 
concentrations as low as 0.1 mg L-1 total P (Ptot) can stimulate algal growth.  
Approximately 50% of the lakes and rivers in the US are impaired due to 
eutrophication (Carpenter, et al., 1998).  Increased algal growth creates a scum-
like layer on the surface of water that impedes sunlight from penetrating and 
inhibits aquatic plants to grow.  Lowering the amount of dissolved oxygen can 
lead to fish kills and negative impacts on other aquatic organisms.  Enhanced 
algal growth also degrades water quality and causes navigational and 
recreational problems in waterways.  Once the algae begins to die, it falls to the 
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bottom where it is broken down by microorganisms which also lowers the amount 
of available oxygen.   
Two main features studied in this research that are known to enhance the 
mobility of P in the subsurface are preferential flow and colloid transport.  In 
general, P is relatively immobile due to its high soil affinity. Until recently, the 
addition of P to surface waters has primarily been considered a surface 
phenomenon, but recent studies have found that significant amounts of P can be 
transported via the subsurface by way of preferential flow paths and adsorption 
onto mobile colloids (McGechan and Lewis 2002a; de Jonge et al., 2001; Rhea 
et al., 1996).  Soils with preferential flow paths may allow P, in various forms, to 
by-pass portions of the reactive soil matrix, reducing the amount of P retained by 
the soil as water moves downward or laterally through the profile.  Once Psol is 
adsorbed by a mobile colloid, it is capable of flowing with water through a soil 
profile, and is limited only by the size of the pore.  These two unique features of a 
soil can lead to high amounts of leached P.  Therefore, measurements 
quantifying the amount and type of P transported through preferential flow paths 
and by mobile colloids is needed. 
Organic wastes and the rainfall intensity can also affect the rate at which 
Psol is transported through the soil profile.  Organic material, such as animal 
manure, adds colloids to the soil which could increase the availability of mobile 
colloids to adsorb Psol.  Organic matter, added with animal manures, competes 
for adsorption sites on soil particles, which also can lead to a reduction of Psol 
adsorbed.  Poultry litter, for example, is a common organic fertilizer that is high in 
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Psol and is usually applied based on a crop N requirements.  This results in a P 
application rate that could be as much as five times the amount required by the 
crop, resulting in accumulation of P in the soil (Siddique and Robinson, 2003).  
Once the soil is saturated with P, the potential for P to leach increases.  
Rainfall intensity affects the rate and path that water and solutes flow 
through soil.  The flow rate of water and solutes through preferential flow paths 
are enhanced under high intensity rainfall events.  High intensity rainfall can 
cause temporary ponding on the soil surface creating localized saturation, which 
forces flow through the larger pores.  Flow through larger pores (macropores) 
allows the soil solution to bypass a large fraction of the reactive soil matrix 
(Stamm et al., 1998).  Therefore, the only soil that interacts with the soil solution 
is the soil particles located near the macropores.  Once the reactive sites on the 
pore walls are saturated with a solute, the solute is able to flow freely through the 
soil increasing the amount leached.  Lower rainfall intensity allows the water and 
solutes to flow more uniformly through the soil matrix, reducing the amount of 
solute discharged because more of the solute will be dispersed and adsorbed 
within the soil matrix.   
The timing of fertilizer application, relative to the onset of precipitation and 
the intensity of a rainfall event can also influence the transport of P in soils.   
Pierzynski et al. (2000) found that 20% of Ptot in poultry litter is water soluble; 
therefore, a rainfall event that closely follows litter application can release and 
transport Psol, which is the form of P bioavailable, into waterways stimulating algal 
growth.   
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Five factors have been identified as potential mechanism that can 
enhance the mobility of P in the subsurface: preferential flow paths, mobile 
colloids, addition of animal manures, high rainfall intensities, and the timing of 
fertilizer application relative to rainfall.  This research will provide information 
related to the amount and type of P that can be transported by these five factors.  
It is important to understand the role colloids and preferential flow paths play in 
transporting adsorbing ions, such as P, especially when the subsurface flow 
discharges into surface water or groundwater that ultimately releases to an open 
water body.  
 Previous studies from the Water Quality field site at the Ames Plantation in 
west Tennessee suggested that 60-80% of Br, a conservative tracer applied to 
the field, was rapidly transported out of the soil profile indicating the presence of 
preferential flow paths (Tyner et al., unpublished data).  Based on prior research 
at this site, it was hypothesized that more P will be transported faster through the 
soil monoliths than predicted by matrix flow due to the presence of preferential 
flow paths and mobile colloids.  
Hypotheses 
The primary hypothesis of this study was that: 
• Preferential flow would enhance P transport.   
Two secondary hypotheses of this study were that: 
• Organic fertilizer (poultry litter) would enhance the amount and rate 
of P transported as compared to inorganic fertilizer. 
• Mobile colloids would contribute to P transport.   
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Chapter 2 
REVIEW OF LITERATURE 
Soil Phosphorus  
Phosphorus (P), does not exist in the elemental form in soils, but generally 
exists as orthophosphate (PO43-).  In fact, soil P may occur in numerous phases, 
both organic and mineral (inorganic) form, in dynamic equilibrium.  Thus, the 
understanding of P reactivity and mobility in a soil system is extremely 
complicated.  P content of soil can vary from 200 to 2000 mg kg-1, and soil 
solutions typically have P concentrations of 0.001 to 1 mg L-1 depending on soil 
type and P inputs (Fossard et al., 2001).  The most important fraction of soil P for 
plant production is soluble P (Psol).  It appears in its anionic form as HPO42- in 
alkaline soils and as H2PO4- in acid soils.  Psol constitutes only about 0.01% of 
Ptot.  Once Psol is added to the soil, by fertilizer or any other means, it quickly 
reacts with the soil and becomes temporarily unavailable for plant use.  
Therefore, careful planning about when to apply fertilizers that would optimize the 
plants use of available P is needed.  Figure 1 illustrates inputs, outputs, and 
internal cycling of soil P.  The internal cycling of P is largely dependent on the pH 
of the soil.    
Soil Ptot can be categorized into two general groups: 
 
1.) Organic P (Porg) 
2.) Inorganic P (Pino). 
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Figure 1. Soil P Cycle (Pierzynski et al., 2000). 
 
Porg makes up 20 to 80% of Ptot found in the upper few inches of a soil,  makes 
up Ptot, depending on soil properties and type of P inputs (Havlin et al., 1999). 
 Porg in soils can be divided into three groups, although there are many 
other Porg that exists.  The following three groups are highly recognized: 
1.) Inositol phosphates 
2.) Nucleic acids 
3.) Phospholipids. 
 
Phospholipids and nucleic acids combined constitute 1 to 2% of Porg versus 
inositol phosphates which constitute 10 to 50% of Porg.  Inositol phosphates are 
phosphate esters of sugar-like compound and act as a storage compound for 
plants (Brady and Weil, 1999).  Porg is degraded by microbes into Psol, which is 
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adsorbed by plants or becomes unavailable due to soil adsorption or mineral 
precipitation.   
Transformation and movement of Psol is dictated by precipitation and 
dissolution of P, and adsorption and desorption reactions.  Psol reacts with Ca, 
Fe, and/or Al cations to form sparingly soluble precipitates.  Psol is primarily 
adsorbed by soil colloids such as: phyllosilicates, oxides or hydroxides of Fe and 
Al, Ca carbonates, and organic matter (Havlin et al., 1999).  
In acidic soils, Psol is adsorbed mainly by two mechanisms, anion 
exchange (electrostatic attraction) or by ligand exchange (displacing hydroxyl 
groups attached to the surface of Fe and Al oxides).  Electrostatic attraction 
results when the surface adsorption sites on Fe or Al oxide possesses a positive 
charge.  The Psol adsorbed by this attraction can be readily desorbed.  In ligand 
exchange, oxygen (O-) from the Psol anion, H2PO4-, can displace one or two water 
molecules attached to a Fe or Al oxide, resulting in a stronger bond between the 
Psol and the clay particle, and creates a lower potential for the absorbed P to 
desorb into the soil solution.  The reactions in which Psol can be adsorbed from 
soil solution in acidic soil are shown in Figure A-1 in the Appendix (Essington, 
2003). 
Calcium and calcium carbonates present in alkaline soils adsorb Psol 
(H2PO4-) to form sparingly insoluble compounds.  Based on the solubility of these 
compounds, they will determine the bioavailability of Psol in the soil.  Precipitated 
P and adsorbed P become increasingly less soluble over time making it difficult 
to supply plants with a sufficient amount of P for optimum plant growth.  The 
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following reactions given by Essington (2003) demonstrate how calcium reacts 
with Psol to form progressively less soluble phosphate compounds with time: 
 
Soluble P               CaHPO4•2H2O             Ca8H2(PO4)6•5H2O            Ca5(PO4)3(OH) 
                             
                                   (brushite)                    (octacalcium                    (apatite) 
                                           phosphate) 
 
where the rate constants decreases in the order k1>k2>>k3.    
   
 
Preferential Flow Paths and Colloids 
Recent studies have shown that P is sometimes mobile in the subsurface 
and is therefore a potential pollutant if subsurface pathways to surface water 
exists (Akhtar et al., 2003).  Fozzard et al. (1999) suggest that Psol has a greater 
impact on surface water eutrophication because it is more readily available for 
algal growth than particulate P (Ppar), which is bound to sediment and eventually 
settles to the bottom.  Transport of Psol to surface water can occur by both 
surface and subsurface water flow (Sims et al., 1998; Stamm et al., 1998).  
Stamm et al. (1998) conducted a study at two research sites and found that Psol 
was 50% and 70% of Ptot at site I and site II, respectively.  Another study 
conducted by Kleinman et al., (2005) determined that a significant amount of P 
was transported through intact soil columns following poultry manure application.  
The Psol prior to manure application was only 10% of Ptot, but after litter 
application, Psol was the dominant fraction of Ptot, indicating that the manure was 
the source of the leached P.  In conclusion, they believed that active macropores 
provided pathways for surface applied P to flow vertically through the soil. 
k1 k2 k3
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Because P displays very low mobility in soil, mobility of phosphorus in the 
subsurface requires mobile colloids or preferential flow.  There are four 
classifications of colloids; layer silicates, amorphous silicates, Al and Fe oxides, 
and organic matter.  Colloids are small particles (<0.45 mm) that are typically 
negatively charged with a large surface area and occur naturally in soil.  
Additional colloids can be introduced into a soil system by fertilizing with land-
spread manures, which tend to be heavily laden with organic matter colloids.  
McGechan and Lewis (2002a) stated that colloids have the potential to act as a 
solid mobile phase by adsorbing contaminants and transporting them at rates 
equal to or greater than that of the aqueous mobile phase.  They also noted that 
the transport of colloidal P from the mineral fertilizer or animal waste used in 
agriculture production is a major source which potentially pollutes surface and 
ground water.  
Macropore is a type of preferential flow path of non-uniform flow paths 
which allow water and solutes to flow through the path of least resistance and 
bypass a large portion of the soil matrix.  Common macropores that allow rapid 
transport of a soil solution are earthworm holes, old root channels, fractures, and 
animal burrows.  Preferential flow allows a portion of the highly reactive soil 
matrix to be bypassed, minimizing the interaction between the infiltrating liquid 
and the soil particle surfaces.  After adsorption sites along the preferential flow 
path are saturated, retardation diminishes.   
The mobility of P by way of colloids and preferential flow can work 
independently or conjunctively (McGechan and Lewis, 2002a).  Anions, such as 
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phosphate, have a strong affinity for the colloids.  Once P adsorbs onto mobile 
colloids, the attached P can travel with water if the colloid is in suspension.  The 
influence of colloid-facilitated transport on the leaching of P was investigated by 
de Jonge et al. (2001).  They determined that 75% of the leached P was 
transported by colloids.  Soils with low sorption capacities (e.g. sandy soils) and 
high concentrations of organic P are more susceptible to leach P to greater soil 
depths (Pierzynski et al., 2000).   McGechan and Lewis (2000b) concluded that 
many contaminants are transported via mobile colloids, but are restricted by the 
size and shape of the macropore.  They also noted the limited amount of 
published information concerning the adsorption of contaminants to mobile 
colloids. 
Many researchers have studied the preferential flow of conservative 
tracers, but studies related to the preferential flow pertaining to reactive tracers 
are limited.  Strongly adsorbing compounds can move long distances through the 
soil by colloid facilitated transport combined with preferential flow (de Jonge et 
al., 1997).    Colloidal movement can be increased by preferential flow, because 
it typically occurs in larger pore spaces that are less likely to filter out the colloids.   
Fertilizer Type (Inorganic/Organic) 
Recent studies have shown that long-term land application of animal 
manure at rates necessary to satisfy crop nitrogen (N) requirements exceeds the 
crop P requirements.  This practice results in the accumulation of P in the soil 
(McDowell and Sharpley, 2001b; Sharpley et. al., 1993).  Eghball et al. (1996) 
studied P mobility within soils receiving long-tem manure and fertilizer 
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application.  They found that P moves deeper with manure application than with 
mineral fertilizer at the same P loading rates.  The deeper movement of P from 
the manure may be attributed to the soil reactivity of the various organic form of 
P and to the increased amounts of colloids. 
Siddique and Robinson (2003) found that continuous application of large 
amounts of animal manure results in soil P accumulation and made the soil 
vulnerable to releasing high levels of Psol to the subsurface upon additional P 
loading.  Several different types of organic waste were applied to soils to 
evaluate the effect of the waste type on the subsurface movement of P.  They 
found that application of the organic material decreased the amount of adsorbed 
P.  This was attributed to the organic matter competing with P for the available 
adsorption sites.  The presence of preferential flow paths in the soil has results in 
high P concentrations in leachate samples taken shortly after fertilizer application 
relative to the P concentrations taken prior to fertilizer application (Stamm et al., 
1998: Scott et al., 1999; Simard et al., 2000; Jensen et al., 2000). 
McDowell and Sharpley (2001a) explored the amount of Pino and Porg 
found in a soil solution and the influence on P sorption processes when applying 
superphosphate, dairy manure, or poultry litter to field plots.  Their results 
indicate that the rate and type of amendment applied to the plots affected the 
relative amounts of Pino and Porg in solution.  The Pino fraction was dominant for 
all amended soils, but the ratio of Pino to Porg decreased as the amount of waste 
increased.  By filtrating samples at 0.45 and 0.22 µm they proposed to reduce 
the interference of colloids while trying to measure orthophosphate and Ptot.  
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When they compared Psol in the filtered samples, they concluded that the 
samples filtered at 0.45 µm and samples filtered at 0.22 µm were similar, 
indicating that the potential for colloids to aide in the transport of P was minimal.  
Rainfall Intensity 
High intensity rainfall can create ponded conditions on the soil surface 
which increases the rate at which water moves though a soil profile compared to 
a low intensity rainfall.  A study conducted by Skaggs et al. (1994) discovered 
that ponded conditions resulted in a higher loss of P in drainage because water 
flowed through preferential flow paths.  Djodjic et al., (1999) applied a radioactive 
P isotope (33 P) to the soil surface to evaluate the transport of P by preferential 
flow paths and to determine the impact of P source on transport (whether it was 
the newly added P as 33P or the P already present in the soil).  Water was 
ponded on the soil surface in order to enhance preferential flow through the soil 
and was applied at a rate equivalent to the mean annual precipitation for their 
geographic location.  Results from their study showed that preferential flow 
enhanced the transport of P in a clay soil and that the 33P applied was the 
dominant fraction detected in the leachate.  The authors also concluded that the 
continuity of preferential flow paths largely affects the mass transport of P 
through a soil.  
 High intensity rainfall allows water to flow quickly through the soil, 
reducing the potential of soil to adsorb the ions in the infiltrating solution 
(Armstrong et al., 1999; Scott et al., 1998).  High intensity rainfall events allow 
water to flow through the larger pores carrying the solute to a greater depth than 
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under a low intensity rainfall.  Macropores are usually filled by air unless rainfall 
exceeds the infiltration capacity of the soil resulting in preferential flow (Stamm et 
al., 1998).  Thus, the lack of consideration for preferential flow paths may result 
in underestimating the transport of a solute through a soil.   
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Chapter 3 
MATERIALS AND METHOD 
Site Description  
A total of eight intact soil monoliths were excavated from the Water Quality 
field site at the Ames Plantation in west Tennessee.  This field site consists of 
Quaternary age loess over alluvial deposits (Figure 2) (Hardeman, 1996).  The 
average loess depth is approximately 1.7 m. (Freeland et. al., 2002).   Soil type 
for this locations was defined as a fine-silty, mix, thermic Ultic Hapludalfs, 0 to 2 
percent slopes (Livingston, 1993).  Livingston (1993) described the excavation 
site as follows: 
Ap- 0-25 cm; brown (10YR 4/3) silt loam; weak fine subangular blocky 
structure; friable; medium acid; clear smooth boundary  
Bt1- 25-49 cm; dark brown (7.5YR 4/4) silty clay loam; moderate medium 
subangular blocky structure; friable; few fine grain manganese 
concentrations; medium acid; clear smooth boundary. 
Bt2- 92-122 cm; dark brown (7.5YR 4/4) silt loam; few medium distinct light 
yellowish brown (10YR 6/4) mottles on faces of peds; moderate medium 
subangular blocky structure; friable; strongly acid. 
Bt4- 122-175 cm: dark brown (7.5YR 4/4) silt loam; common medium 
prominent very pale brown (10YR 7/3) mottles on faces of peds; moderate 
medium subangular blocky structure; friable few fine manganese 
concentrations; strongly acid. 
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Figure 2. Geological profile representing the area the monoliths were excavated.  
 
 
2Btb- 175-213 cm; dark brown (7.5YR 4/4) silt loam with 20 percent sand; few 
medium distinct (10YR 5/3) mottles on faces of peds; weak medium 
subangular blocky structure; friable; strongly acid. 
Overview 
The monoliths were collected from the west TN area because previous 
studies had demonstrated preferential flow at the site (Tyner et al., unpublished 
data 2003).  Four monoliths were treated with poultry litter, and four were treated 
with commercial fertilizer (diammonium phosphate and urea).  Low and high 
artificial intensity rainfall events (Phases I and II), were applied to determine the 
effects of rainfall rate on P transport.  Zero tension and wick (tension) leachate 
1 m 
2 m 
 
Quaternary 
Loess-Silt 
Quaternary Intermittent Alluvium Deposits 
Tertiary-Aged Sand 
Depth 
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samples were collected and analyzed to compare the transport rates of Cl, Br 
and Ptot, Pino, and Porg.  Sub-samples were collected from the leachate and 
filtered prior to analyses assess the role of colloids.  An overview of the methods 
used for Phases I and II is illustrated in Figure 3. 
Chloride and Br, which served as conservative tracers, were used as an 
indicator to quantify the presence of preferential flow paths within a monolith 
(Bowman, 1984).  Water flowing preferentially (i.e. zero tension) was allowed to 
drain from the base into a plastic container.  Fiberglass wicks sampled the water 
flow from the soil matrix.  The tension applied by the wicks was approximately 
0.45 m (Poletika et al., 1992).  Comparing Cl and Br breakthrough to P 
breakthrough helps describe how preferential flow affects transport of a 
conservative tracer versus a non-conservative, reactive tracer.  Based on the 
results, a quantification of P transported through preferential flow paths was 
determined.   
The role of colloids was assessed by comparing the P in the unfiltered 
leachate to the P in the filtered leachate.  Mobile colloids can enhance the  
mobility of P, which may lead to larger quantities of P leached through the soil.  
Therefore, using poultry litter as a fertilizer type, which is believed to add colloidal 
material to the soil, could potentially increase the mobility of P compared to an 
inorganic fertilizer source (McGechan and Lewis 2002b).   
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Figure 3.  Schematic drawing of Phases I and II (low and high rainfall intensity)    
                  methods used to examine the leaching of P from intact soil monoliths. 
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Artificial Rainfall: 
 
        Phase I:   5 mm d-1 (no ponding); 
     20 mg L-1 Br 
 
                              Phase II: 20 mm, every 4th day (ponding); 
                                                50 mg L-1 Cl 
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Monolith Collection 
Two parallel trenches, approximately 0.6 m wide by 1.2 m deep by 6 m 
long, were excavated using a backhoe.  The excavation left an undisturbed 0.6 m 
center block of soil standing.  The monoliths were carved to a diameter of 0.35 m 
from the standing soil wall.  Once the soil was sculpted to a depth of 
approximately of 0.75 m, PVC pipes were carefully lowered over the standing soil 
monoliths.  Melted paraffin wax was poured into the void between the soil and 
the pipe wall (Cumbie, 1997).  After the wax cooled, the monoliths were cut 
loose, and the bottoms were sealed with PVC endcaps that were partially filled 
with coarse sand.  A picture of the trenches and soil monoliths at various stages 
of excavation is presented in Figure 4. 
Five holes were drilled in the endcaps before the monoliths were capped 
(Figure 5).  The four 1.9-cm diameter holes were for inserting fiberglass wicks  
which applied a small tension and enabled the sampling of water within the soil 
matrix.  The remaining hole allowed water under zero tension to drain from the 
base of the monolith.  
Laboratory Set-up of Monoliths 
Four fiberglass wicks and a brass barb were inserted into the endcaps as 
illustrated in Figure 6.  The effluent from the base of the monolith was captured 
by 500-mL plastic Nalgene® bottles which were secured to the table.  The 
monoliths were suspended one meter above the floor and at a slight angle, which 
allowed the zero tension water to drain from the brass barb into the 500-mL 
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Figure 4.  Soil monolith collection shown at various stages of excavation. 
 
 
 
 
 
 
 
 
    
Figure 5. Schematic drawing of an endcap on a soil monolith. 
 
 
D = 19 mm 
D = 48 mm 
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Figure 6.  Base of a monolith set-up in lab. 
 
 
sample bottle. Monoknit® fiberglass wicks (Pepperell Braiding Company Inc.), 
1.11-cm in diameter, were enclosed in clear plastic tubing to eliminate 
evaporation.  The tops of the wicks were slightly above the tubing and frayed in  
order to increase the area of contact between the soil and the wick.  Next, the 
wicks were inserted through the holes of the endcap until contact with the soil 
was made.  Once the wicks were in direct contact with the soil, the plastic tubing 
was glued securely to the endcap.  As the wicks were moistened, a continuous 
tension of 0.45 m was applied which sampled the water from the soil matrix.  
 
 21 
 
Saturation of Monoliths 
Monoliths were saturated in order to establish flow from the base of the 
soil monolith.  To saturate the monoliths, approximately 25 L of 0.001 M CaSO4 
solution was applied to each monolith at a rate equivalent to 5 mm of rainfall in a 
30-45 minute period daily using a watering can.  This technique was used to 
ensure no ponding on the soil surface occurred in order to minimize the potential 
of water to flow through preferential flow paths.  The CaSO4 was added to the 
water to simulate natural groundwater, as well as to eliminate clay dispersion 
problem (Klute and Dirksen, 1990; Akhtar et al., 2003).  
 Once the water was applied, the tops of the monoliths were covered with 
plastic to prevent evaporation.  The eight monoliths were divided into two groups 
of four based on the flow rate through each monolith over a 24-hour period.  
Monoliths with similar flow rates were separated to ensure that each fertilizer 
type (organic and inorganic) would have the same flow potential.  One group was 
treated with poultry litter, and the other group was treated with commercial 
fertilizer (DAP and urea).  The type and rate of fertilizer applied to each monolith 
is listed in Table 1. 
Background Data Collection 
Prior to applying fertilizer, leachate samples collected from each monolith 
were analyzed for Ptot, Pino, and Br.  These analyses provided the antecedent 
concentrations from each monolith, so the concentrations prior to fertilizer and 
Br¯ application could be distinguished from the concentrations measured after the 
initial fertilizer and Br application.  Leachate samples from the monolith were  
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Table 1.  Monolith and type of fertilizer applied. 
Monolith Type of Fertilizer 
1 Inorganic 
2 Organic 
3 Organic 
4 Inorganic 
5 Inorganic 
6 Organic 
7 Inorganic 
8 Organic 
     
Inorganic: 168 kg N ha-1 & 73 kg P ha-1 in diammonium phosphate and urea; 
Organic: 168 kg N ha –1 & 73 kg P ha-1 in poultry litter 
 
 
 
collected daily, but only samples from 60, 47, 39, and 26 days prior to application 
of fertilizer were analyzed.  
The four wicks were placed at the base of the monolith to sample flow 
through the soil matrix held under tension.  Therefore, to have a representative 
leachate sample of matrix flow and to reduced the number of samples, the water 
collected from the four wicks from a monolith were combined.  This sample was 
then used to represent the ions transported in solution through the matrix of a 
given monolith.  Once baseline P and Br concentrations were determined and 
the amount of artificial rainfall applied equaled the amount of leachate collected 
from the base, the fertilizer and Br were applied to the monoliths. 
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Filtration Procedure 
The effluent samples were split into sub-samples to measure P in the 
unfiltered (Pufil) and filtered (Pfil) samples.  All samples were filtered with a  
0.45-µm, Fisherbrand® membrane filter ( 09-719-2E, Fisher Scientific®, USA) and 
some samples were filtered with a 0.1-µm, Whatman® Nuclepore membrane filter 
(09-300-68, Fisher Scientific®, USA).  A colloid is commonly assumed to be a 
particle less than 1-µm in diameter; however, this size classification is not 
standardized.  McDowell and Sharpley (2001a) found no significant difference of 
Psol concentrations were noticed between samples filtered with a 0.8, 0.45 and 
0.22-µm membranes in their study.  However, other studies (Sinaj et al., 1998; 
Jenkin et al., 1968) noted the influence of colloid transport filtered at 0.22 and 
0.45 µm.  McDowell and Sharpley concluded that aggregate stability impacts the 
mobility of P by colloids. 
Sample Handling  
 Phosphorus has the tendency to change forms, such as, Porg changing 
into Pino through microbial processes.  Another change occurs when the 
bioavailable P becomes unavailable due to adsorption by soil particles. 
Therefore, analysis must be performed within 48 hours of sample collection or 
samples must be preserved.  Samples were preserved with 2 mL of sulfuric acid 
(H2SO4) per liter of sample and stored at 4oC.  Acidified samples can be stored 
up to one month (Standards Method, 1992).   
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Bromide (Br), Chloride (Cl), and Nitrate (NO3) Analyses   
 Bromide, Cl, and NO3 concentrations were measured with an Ion 
Chromatograph (IC) (Dionex®, DX-100 Model) following the Ion Chromatography 
with Chemical Suppression Eluent Conductivity procedure (Standards Methods, 
1992).  Detection limits of the IC analyses for Br, Cl, and NO3 were 0.05, 0.08, 
and 0.12 mg L-1, respectively.  Samples were filtered through a 0.45-µm 
membrane to remove any large particles that could potentially affect the IC 
column.  Low initial concentrations were measured with a gain of 10 µs and high 
concentrations were measured with a gain of 30 µs.   
Total Phosphorus (Ptot), Inorganic Phosphorus (Pino), Organic Phosphorus 
(Porg), and Total Kjeldahl Nitrogen (TKN) 
 
Total P, Pino, and TKN were measured following the Lachat® QuikChem 
Methods 10-115-01-1-C, 10-115-01-1-A, and 10-107-06-2-E, respectively 
(Lachat® Instruments, Milwaukee, WI).  Total P and TKN samples were digested 
using the Lachat® Block Digestor (BD- 46), sulfuric acid, mercuric oxide catalyst, 
and potassium sulfate, which speed up the conversion into ammonium.  After 
digestion, Ptot and TKN concentrations were measured on a Lachat® QuikChem 
4100 Instrument following a colorimeter technique.  The Lachat® detection limit 
for Ptot and Pino was 0.01 mg L-1.  Total P reacts with ammonium molybdate to 
form a blue-green complex, thus the concentration of P is proportional to the 
intensity of the blue-green color.  The same concept holds for Pino, except the 
samples do not require digestion in order to measure Pino concentrations.  Porg 
was calculated by subtracting Pino from Ptot.  To measure TKN concentrations, 
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the samples were heated with hypochlorite and salicylate resulting in a blue 
color, the intensity of which is related to the ammonia concentrations.   
Analysis and Application of Fertilizer 
A secondary objective of this research was to compare P transport from 
inorganic and organic fertilizer.  Mobile colloids can enhance the transport of P 
and lead to higher P leaching rate.  Organic fertilizers add colloids which can 
potentially increase the mobility of P compared to using inorganic fertilizers.   
Poultry litter which had been mixed with wood shavings and composted in 
a large pile was collected from a local poultry operation.  Samples were collected 
from arbitrary points in the litter pile and mixed to obtain a representative sample.  
Nine samples of the litter were analyzed for TKN and Ptot.  Samples were 
homogenized using a blender and mixed with the same digestion solution as for 
TP and TKN.  The samples were then digested and analyzed using the Lachat®. 
Based on the analysis, the litter was 3.70 % N and 1.64 % P.  Havlin et al. (1999) 
gave estimated values for the percent of N and Ptot in litter as 1-6% and 0.9-
2.2%, respectively.  This verified that the litter was representative of commonly 
produced litter.  The inorganic fertilizers used were diammonium phosphate 
(DAP) and urea, both of which are commonly used fertilizers in Tennessee.   
The recommended N requirement for corn grown in Tennessee,  
168 kg N ha-1, was applied to each monolith (Savory and Jones, 1998).  Based 
on TKN analysis of the poultry litter, 33.2 g of litter was needed for each monolith 
in the organic group to meet crop N requirements.  The amount of P from litter 
application was 170 kg ha-1 as P2O5, equivalent to 73 kg ha-1 Ptot.  This is nearly 
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double the recommended rate of P for corn grown in Tennessee, which for a 
medium level soil, is 84 kg ha-1 P2O5 or 36 kg ha-1 P (Savory and Joines, 1998).   
Once the mass of N and P applied to the monoliths as litter was calculated, an 
equivalent amount of mineral fertilizer was applied to the other four monoliths 
using DAP and urea.  Therefore, all eight monoliths had the same mass of N and 
P applied to the surface.   
Phase I  
Phase I consisted of a daily application of 5 mm of artificial rainfall during 
a 30-minute interval to the fertilizer treated monoliths.  The artificial rainfall was 
composed of 20 mg L-1 Br, as KBr, and 0.001 M CaSO4.   
The volume of effluent collected in the bottles was recorded daily.  
Leachate samples were collected every 12 hours for the first 3 days and 
analyzed within 4 hours.  For the following 12 days, leachate samples were 
collected every 24 hours and analyzed within 4 of hours.  After day 15, samples 
were collected daily, preserved with sulfuric acid (H2SO4), and stored in a 
refrigerator at 4oC (Standards Methods, 1992).  Samples were analyzed once 
every 4 to 5 days for the following two weeks and then once a week for the 
remaining 6 weeks.  All measured samples, without preservation, were analyzed 
within a few hours of collection.  Because of the length of time required to filter a 
sample at 0.1 µm, only 65 samples were measured.  
Phase II 
Phase II consisted of applying 20 mm, within approximately 90 seconds, 
of artificial rainfall every fourth day.  The water was applied rapidly, which created 
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ponding on the soil surface.  To distinguish flow during Phase I and II, 50 mg L-1 
of Cl as a KCl solution was applied in Phase II.  No Br was applied during Phase 
II, but concentrations were still measured to monitor Br transport through the 
monoliths.   
Chloride is an inexpensive, relatively safe, and easily measured anion that 
can be used as a conservative tracer in research studies.  The difficulty with 
using Cl was its presence in the monolith prior to application of the KCl solution.  
To resolve this issue, Cl was measured during Phase I, which allowed a Cl 
baseline to be established.  50 mg L-1 as KCl was selected as the inlet 
concentration (Co) in order to construct a BTC.  The average Cl concentration 
measured in the monoliths during the first Phase was 8.9 mg L-1, which is much 
lower than 50 mg L-1.   
Leachate samples were collected after rainfall application and analyzed 
for Ptot, Pino, Br, Cl, and NO3.  Zero tension leachate drained within a few hours 
of rainfall application.  Most wick leachate was collected within the first 24 hours 
following rainfall application, but water within the soil matrix continued to be 
sampled by the wicks on the second and third day.  Generally, on the fourth day 
the leachate volume produced from the wicks was too small to analyze.   
On day eight of Phase II, fertilizer was reapplied to the monoliths because 
concentrations of P transported in Phase II were near the detection limit. 
Fertilizer was reapplied at the same rate and type as in Phase I.   On days 8, 12, 
16, and 20, rainfall spiked with 50 mg L-1 Cl was applied to the monoliths.  
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Thirteen days after the fertilizer was reapplied to the monoliths, sample collection 
terminated because P levels had fallen below the analytical detection limit.    
Breakthrough Curve Construction (BTC) 
 The BTC describes the transport of a solute in a soil and the interaction 
between the soil and the solute.  The BTC is developed by plotting relative 
concentration (C/Co) against pore volume (V/Vo) where, V is the cummlative 
effluent volume collected from the monolith; Vo is the total liquid volume of the 
monolith; C is the solute concentration in the effluent; and Co is the incoming 
solute concentration in solution (Scott, 2000).  The shape of the BTC depends on 
the solute and its interactions with the soil.   
Solutes behave differently in soils, (e.g. reactivity with soil particles) and 
also have different transport process.  Two transport processes are dispersion 
and retardation.  Spreading of a solute through a soil due to the flow velocity 
differences in different pore sizes is known as dispersion.  A non-reactive tracer, 
such as Cl or Br, transported by this process should have a relative 
concentration of 0.5 at one pore volume.  A solute that is retarded by the 
surrounding soil particles, due to adsorption or precipitation, will have a lower 
relative concentration at 1 pore volume.  This represents the type of transport 
process of a reactive tracer, such as P when preferential flow does not exist .  
The relative concentration may reach 0.5 after multiple pore volumes have 
leached through the soil.  A soil with macropore flow can rapidly transport a 
solute resulting in a relative concentration of 0.5 much earlier than 1 pore 
volume.   
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 Breakthrough curves for Br and Cl were constructed for each monolith by 
plotting relative leachate concentration against pore volume for each monolith.  A 
BTC could not be constructed for Cl during Phase I because no Cl was applied.  
Since P concentrations at the inlet was unknown, a true BTC for P could not be 
constructed.  Instead, measured concentrations of Ptot, Pino, and calculated Porg  
were directly plotted on the graph to represent how P fluctuated throughout the 
experiment.  
A bulk density (ρb) of 1.4 g cm-3 and a particle density (ρs) of 2.65 g cm-3 
were used to calculate porosity (η) from Equation 1 (Longwell et al., 1963).  
Porosity was calculated to be approximately 47% for this particular study.  
 Equation 1:            
                           
η = 1- (ρb / ρs) 
 
The following equation was used to calculate pore volume: 
Equation 2: 
 
    V/Vo =  πd2  (h) (η) (%Sat) 
          4 
 
where, d = diameter of the monolith (m) and h = height of monolith (m).  The pore 
volume was calculated to be approximately 25 L for the monoliths. 
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Statistical Analysis   
 Statistical analysis was performed to determine the influence of 
preferential flow paths, colloids, and fertilize type on the transport of P during 
Phase I and II.  The influence of preferential flow paths was tested using the total 
unfiltered (Ptot,uf ) concentrations measured in the zero tension samples and the 
wick samples.  The role of colloids was tested using measured concentrations of 
Ptot,uf and total, filtered (Ptot,fil ) in the leachate.  The poultry litter treated monoliths 
were compared to the DAP and Urea treated monoliths to determine if fertilizer 
type influenced P transport.  The analyses were performed using SAS version 
9.1 (2002, SAS Institute, Cary, NC). 
A significance level of 0.05 was selected to determine if a significant 
difference could be detected. If the statistical results had P-values greater than 
the selected level of significance (0.05), then the difference between the two 
groups is not significantly different and the dependent parameter (e.g. flow type) 
did not significantly influence P transport. However, if the P-values were less 
than the significance level then the difference between the two groups is 
significantly different and the independent parameter did significantly influence P 
transport. 
Zero Tension and Wick Samples 
The Wilcoxon Signed Ranks test was used for testing the difference 
between zero tension Ptot,uf and wick Ptot,uf.  It is a non-parametric test used to 
test the difference of paired data, similar to paired-difference t-test which is used 
to test normally distributed data.  The Wilcoxon Signed Ranks test determines 
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the difference of P concentrations measured in the leachate (e.g. the zero 
tension vs. wick) samples and ranks then from lowest to highest, irrespective of 
sign.  Then the ranked differences of Ptot,uf concentrations are combined into 
groups and tested for significant differences.  P-values are less than 0.05 then 
preferential flow paths significantly influence the transport of P. 
Colloids Influence on P Transport 
The Wilcoxon Signs Ranks test was also used to determine if colloids 
influenced the transport of P.  This test determined if Ptot concentrations in the 
unfiltered samples were significantly different from Ptot concentrations in the 
filtered samples.  The statistical test uses the same procedure as mentioned in 
the prior section.  It ranks and groups filtered and unfiltered concentrations then 
compare the ranks by groups to determine if there is a significant difference.   P-
values less than 0.05 signify that colloids have a significant influence on P 
transport.   
Fertilizer Type Influence on P Transport 
The Wilcoxon Mann Whitney test is a non-parametric test similar to the t-
test for two independent samples not normally distributed.  This test was used to 
test if there was a significant difference in the mass of Pino and Porg transported 
through the monoliths treated with poultry litter versus the monoliths treated with 
DAP and urea.  The test performs analysis of variance on the ranks, rather than 
the measured values.  The ranked values in each group (e.g. poultry litter and 
DAP/urea) are added together, then the sum of the ranks are compared. 
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Statistical results with P-values less than 0.05 verifies that poultry litter effects P 
transport.  
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Chapter 4 
RESULTS AND DISCUSSION 
Background Data  
Prior to fertilizer application, the monoliths were moistened by applying  
5 mm d-1 of artificial rainfall.  Table 2 notes the depth of water applied before zero 
tension samples and wick samples were collected from the base.  Only wick 
leachate was collected from monoliths 3, 7, and 8.  The zero tension leachate 
from monoliths 1, 5, and 6 ceased before the fertilizer was applied.  However, 
leachate from the zero tension water continued to drip from monoliths 2 and 4, 
signifying the presence of larger flow paths.  After approximately 3 weeks, the 
water flow had equilibrated as evidenced by the output flux being equal to the 
input flux. 
Once the monoliths had equilibrated, baselines for Ptot, Pino, Porg and Br 
were established.  Br levels in each monolith were below the detection limit of  
 
Table 2.  The depth of water applied when breakthrough occurred at the base of 
the monoliths (5 mm = approximately 500 ml). 
 
Monolith Wick Zero Tension
1 15 mm 90 mm 
2 30 mm 90 mm 
3 20 mm No flow 
4 15 mm 25 mm 
5 60 mm 170 mm 
6 60 mm 170 mm 
7 30 mm No flow 
8 30 mm No flow 
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0.05 mg L-1. The concentration of Ptot was 0.08 mg L-1 or less (Figure 7).   
Overview 
A total of 360 samples were analyzed for Ptot and Pino, and 257 samples 
were analyzed for Cl, Br, and NO3 during Phase I.  During Phase II, a total of 
237 samples were analyzed for Ptot and Pino, and 126 samples were analyzed for 
Cl, Br, and NO3.  For Phases I and II, the relative concentrations of Cl and Br  
and measured Ptot,uf and Pino,uf concentrations were plotted against pore volume 
to describe the mobility of these solutes in the soil under low and high intensity 
rainfall events (Figures 8-23). The day of fertilizer application is noted at the 
bottom of each graph for both phases.  Transport of these anions varied greatly  
 
 
 
 
 
 
 
 
 
 
Figure 7.  Background total unfiltered P (Ptot,uf); total filtered P (Ptot,fil); unfiltered      
        inorganic (Pino,uf); and filtered inorganic (Pino,fil) concentrations            
        measured in leachate prior to fertilizer application.
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Figure 8.  Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 1  
       treated with diammonium phosphate and urea for Phases I and II, zero tension. Open data points represent  
     measurement the day after rainfall application. 
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Figure 9.  Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 1 
treated with diammonium phosphate and urea for Phases I and II, wick.  Open data points represent 
measurement the day after rainfall application. 
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Figure 10.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
2 treated with poultry litter for Phases I and II, zero tension.  Open data points represent measurement the 
day after rainfall application. 
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Figure 11.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
2 treated with poultry litter for Phases I and II, wick.  Open data points represent measurement the day 
after rainfall application. 
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Figure 12.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
3 treated with poultry litter for Phases I and II, zero tension.  Open data points represent measurement the 
day after rainfall application. 
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Figure 13.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
3 treated with poultry litter for Phases I and II, wick.  Open data points represent measurement the day 
after rainfall application. 
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Figure 14.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
4 treated with diammonium phosphate and urea for Phases I and II, zero tension.  Open data points 
represent measurement the day after rainfall application. 
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Figure 15.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
4 treated with diammonium phosphate and urea for Phases I and II, wick.  Open data points represent 
measurement the day after rainfall application.  
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Figure 16.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
5 treated with diammonium phosphate and urea for Phases I and II, zero tension.  Open data points 
represent measurement the day after rainfall application. 
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Figure 17.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
5 treated with diammonium phosphate and urea for Phases I and II, wick.  Open data points represent 
measurement the day after rainfall application. 
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Figure 18.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
6 treated with poultry litter for Phases I and II, zero tension.  Open data points represent measurement the 
day after rainfall application. 
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Figure 19.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
6 treated with poultry litter for Phases I and II, wick.  Open data points represent measurement the day 
after rainfall application. 
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Figure 20.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
7 treated with diammonium phosphate and urea for Phases I and II, zero tension.  Open data points 
represent measurement the day after rainfall application. 
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Figure 21.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
7 treated with diammonium phosphate and urea for Phases I and II, wick.  Open data points represent 
measurement the day after rainfall application. 
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Figure 22.   Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith 
8 treated with poultry litter for Phases I and II, zero tension.  Open data points represent measurement the 
day after rainfall application. 
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Figure 23.  Breakthrough curves for Cl¯, Br¯, total unfiltered P (Ptot,uf), and inorganic unfiltered P (Pino,uf) from monolith    
                  8 treated with poultry litter for Phases I and II, wick.  Open data points represent measurement the day    
                  after rainfall application.
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between each monolith and rainfall intensities (Phase I and II).   
During Phase I, wick leachate was collected from all the monoliths.  Zero 
tension leachate under the low intensity rainfall was only collected from monoliths 
2 and 4.  All monoliths, except 6, had zero tension as well as wick samples 
during Phase II.  The ratio of wick to zero tension leachate volume varied from 
monolith to monolith, but the majority of the leachate was collected from the 
wicks.  During Phase II the overall volume collected from the zero tension 
samples was much smaller than the wick sample: mainly because the zero 
tension sample drained within the first few hours of each rainfall application, 
whereas the wick continually sampled the water within the soil matrix.  Between 
watering events, the leachate volume and solute concentrations tended to 
decrease, but following rainfall application, an increase in both the volume and 
concentrations were observed.   During Phases II, monoliths 2 and 4, had a 
much smaller leachate volume from the wicks as compared to the leachate 
volume from the zero tension, which was attributed to preferential flow paths that 
allowed a larger volume of water to flow freely through the soil un-impeded.   
Preferential Flow Paths 
Phase I 
 Enhanced transport of P through the soil was noted in two of the eight 
monoliths under low rainfall intensities (Phase I).  Monoliths 4 and 8 (Figures 14, 
15, and 23) had elevated concentration of both Br and P within 24 hours of the 
initial application of fertilizer and artificial rainfall containing 20 mg L-1 Br.  The 
zero tension effluent collected from monolith 4 had the highest concentration of 
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leached Ptot,uf in the shortest amount of time.  At 0.01 pore volume the relative 
concentration of Br was 0.6 and the concentration of P tot,uf  was 40.2 mg L-1.  
The wick effluent from monolith 4 had slightly slower breakthrough of Br and 
lower Ptot,uf concentrations.   A concentration of 26.4 mg L-1 Ptot,uf  was measured 
in the wick sample within 0.05 pore volume.  High concentrations of Ptot,uf  
measured in the wick samples were attributed to zero tension water draining 
through the monoliths and being intercepted by the wicks.  P declined rapidly in 
both the zero tension and wick samples after the first week of watering, but the 
zero tension Ptot,uf concentrations remained slightly elevated until the end of the 
Phase I.     
Monolith 8 (Figure 23) also indicated the presence of preferential flow.  
Bromide and Ptot,uf  were detected in the leachate from the wicks within 24 hours 
of the initial rainfall application.  The total mass of P measured in monolith 8 was 
less than the total mass measured in monolith 4, but monolith 8 had a faster 
transport of Br as compared to monolith 4.  Bromide had a relative concentration 
of 0.5 at 0.89 pore volumes suggesting that preferential flow paths aided in the 
transport process.  These results indicated that the Br traveled faster than 
predicted by a solute traveling purely by matrix flow.  Monolith 8 had a maximum 
P tot,uf  concentration of 0.3 mg L-1, which occurred at 0.02 pore volumes, and then 
quickly dropped to near the detection limit by 0.04 pore volumes.      
The wick samples from monolith 2, also demonstrated a slight increase of 
P tot,uf transport (Figure 11) within 0.01 pore volume, and then quickly declined to 
concentrations near the detection limit.  However, Br was not detected in the 
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wick samples until approximately 0.04 pore volumes making it difficult to describe 
the transport mechanism of the conservative ion and the non-conservative ion.  
The early increase of P by the wick sample may be due to the presence of P in 
the soil prior to fertilizer application.  The zero tension samples from monolith 2 
had a Ptot,uf concentration near the detection limit and remained consistent 
through Phase I.  A Br breakthrough was not detected until 0.1 pore volumes.  
This was opposite of what was predicted, the higher concentrations and earlier 
Br breakthrough should have been noticed in the zero tension samples instead 
of the wick samples.  It is possible that the wicks may have been placed in/or 
near a macropore, which intercepted the water flowing preferentially.  
The other monoliths, 1, 3, 5, 6, and 7 (Figures 9, 13, 17, 19, and 21) had 
relatively low concentrations of Ptot,uf measured in the wick leachate with no 
noticeable increase after fertilizer application.  Br breakthrough for these 
monoliths was slower than monoliths 4 and 8; however, monoliths 3 and 5 had a 
relative early breakthrough of Br compared to monoliths 1, 6, and 7.  Monoliths 3 
and 5 also had a relative concentration of Br of 0.5 at approximately 0.85 pore 
volume which is less than the 1 pore volume predicted by a BTC of a solute 
transported purely by the soil matrix.  Hence, some of the Br may have traveled 
preferentially through the soil.  Total, unfiltered P and Pino,uf concentrations for 
these monoliths were all near the detection limit.  
Monolith 4 demonstrated the highest leaching of P through the soil 
monoliths.  A total mass of 6.9 kg P tot,uf  ha-1 (Table 3), which is approximately 
9.0% of the P applied, was transported through monolith 4 during Phase I. The  
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Table 3.  Mass of total unfiltered P (Ptot,uf), percentage of total unfiltered P (Ptot,uf),  Br¯, and the average and maximum 
concentration of P transported during Phase I. 
 
Monolith Flow Fertilizer Ptot,uf 
(kg P ha-1)
% Ptot,uf 
Transported 
% Br¯  
Transported
Ptot,uf Concentrations 
(mg L-1) 
AVG           MAX 
1 Wick Inorganic 0.10 0.14 23.2 0.03            0.05 
2 Zero Tension Organic 0.10 0.14 8.7 0.04            0.06 
2 Wick Organic 0.08 0.10 14.0 0.05            0.62 
3 Wick Organic 0.17 0.23 25.4 0.04            0.11 
4 Zero Tension Inorganic 1.99 2.60 18.7 1.64            40.20 
4 Wick Inorganic 4.91 6.64 20.00 1.90            28.20 
5 Wick Inorganic 0.12 0.16 29.2 0.03            0.05 
6 Wick Organic 0.09 0.12 20.7 0.03            0.05 
7 Wick Inorganic 0.12 0.16 21.6 0.03            0.05 
8 Wick Organic 0.16 0.21 29.3 0.04            0.28 
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amount of P leached from monolith 4 was 44 times greater that the amount 
leached from monolith 8, which had the second highest mass of  
0.16 kg P tot,uf ha-1 (0.21% of the P applied).  The other monoliths demonstrated 
high adsorption and low leaching potential of P within the soil.   
Monolith 4, as expected, had the largest percent of Br leaching at 39.0%.  
This is due to the macropores allowing the soil solution to bypass fractions of the 
soil matrix, increasing the amount leached from the soil.  Br transported through 
the remaining monoliths had a mean of 25.0% with a standard deviation of  
+ 3.45%.  Based on the percentage of Br transported, compared to the 
percentage of P transported through the monoliths, P was much less mobile.  
However, high concentrations of P were leached from the soil within a short 
period after fertilizer application, particularly from monolith 4. 
The Wilcoxon Signed Rank test was applied to determine if the difference 
in zero tension Ptot,uf and wick P tot,uf was significantly different at a significance 
level 0.05.  Monoliths 2 and 4 were the only monoliths that had both zero tension 
and wick samples during Phase I, and therefore, the only monoliths that could be 
tested for low intensity rainfall (Table 4).  Statistically, the difference in 
concentrations for  zero tension Ptot,uf and wick P tot,uf from monolith 2 were not 
significantly different (P=0.19) signifying that the transport of P was not 
influenced by preferential flow.  It is likely that the wicks intercepted the leachate 
flowing preferentially through the monoliths.  Conversely, difference in 
concentrations of zero tension Ptot,uf and wick P tot,uf from monolith 4 was 
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Table 4.  P-values for determining if total unfiltered P (Ptot,uf) 
concentrations from the zero tension were significantly different from Ptot,uf 
concentrations from the wick samples tested during Phase I. 
 
Monolith Sample P-value
2 Zero/Wick 0.19 
4 Zero/Wick 0.001 
 
 
significantly different (P=0.001) indicating that P transport through the monoliths 
was influenced by preferential flow paths.   
Phase II   
High intensity rainfall caused higher concentrations of Cl and Ptot,uf to be leached 
through the soil compared to low intensity rainfall.  The high intensity rainfall 
temporarily exceeded the infiltration rate, creating ponding on the soil surface.  
Ponded conditions on the surface likely prompted flow through macropores 
resulting in a higher mass of solute transported through the monoliths (Table 5).  
Zero tension and wick leachates were collected from all monoliths, except 6 
which only produce wick leachate.  The effluent collected from the monoliths had 
elevated Ptot,uf, Pino,uf, and Porg,uf concentrations most notably on day eight  which 
was the day following the reapplication of fertilizer (Figures 8-23).   
  The larger pores drained within a few hours after each rainfall 
application and all zero tension samples were collected within 24 hours.  No  
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Table 5.  Mass of total unfiltered (Ptot,uf), percentage of total unfiltered P (Ptot,uf), Br¯, and the average and maximum 
concentration of P transported during Phase II. 
 
Monolith Flow Fertilizer Ptot,uf 
(kg P ha-1)
% Ptot,uf 
Transported 
% Cl¯  
Transported
P Concentrations 
(mg L-1) 
AVG           MAX 
1 Zero Tension Inorganic 0.01 0.01 2.1 0.10            0.15      
1 Wick Inorganic 0.10 0.13 28.5 0.10            0.12 
2 Zero Tension Organic 0.04 0.06 10.6 0.15            0.27 
2 Wick Organic 0.06 0.08 31.4 0.07            0.14 
3 Zero Tension Inorganic 0.32 0.43 11.6 1.85            8.44 
3 Wick Organic 0.13 0.18 49.2 0.12            0.11 
4 Zero Tension Inorganic 2.00 2.70 20.0 5.64            21.37 
4 Wick Inorganic 1.77 2.40 38.0 1.87            7.49 
5 Zero Tension Inorganic 0.02 0.02 1.5 0.26            0.98 
5 Wick Inorganic 2.02 2.73 38.7 1.77            3.44 
6 Wick Organic 0.11 0.14 35.2 0.09            0.31 
7 Zero Tension Inorganic 0.01 0.01 1.4 0.17            0.22 
7 Wick Inorganic 0.09 0.12 33.9 0.08            0.17 
8 Zero Tension Organic 0.13 0.18 5.5 1.39            6.51 
8 Wick Organic 0.28 0.38 50.0 0.26            0.16 
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water drained from barb until the next water application four days later, so the 
number of leachate samples collected from the zero tension was much smaller 
than from the wick samples.  The open data points in Figures 8 thru 23, during 
Phase II, represent the measurement directly following rainfall application.  The 
closed dots are the measurements taken on the days in-between rainfall 
applications.   
The zero tension samples from monolith 4 (Figure 14) had a 0.6 relative 
concentration of Cl shortly following the initial application of the KCl solution, but 
only a slight increase in Ptot,uf was noted.  However, once the fertilizer was 
reapplied, P tot,uf concentrations increased within 24 hours (0.02 pore volume) 
reaching a maximum concentration of 21.4 mg L-1  and then rapidly declined.  
The Cl collected by the wicks in monolith 4 was had a lower relative 
concentration compared to the Cl collected by the barb.  Approximately 20.0% of 
Cl and 2.7% Ptot,uf was collected by zero tension samples, and approximately 
38.0% Cl and 2.4% Ptot,uf was collected by the wick samples (Table 5).  The 
larger mass of Cl collected for the wicks was partially due to the larger volume of 
leachate collected from the wicks.  
 Elevated Ptot,uf  concentrations were detected in seven of the monoliths during 
Phase II, which had higher Ptot,uf concentrations following fertilizer compared to 
Phase I.  Ptot,uf concentrations from monolith 3, 5, and 8 increased slightly 
following the first and second rainfall application of Phase II.  Once the fertilizer 
was re-applied on day 8, Ptot,uf concentrations in these monoliths increased.  The 
zero tension Ptot,uf concentrations of monoliths 3 and 8 were higher than the wick 
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P tot,uf concentrations.  Conversely, monolith 5 wick P tot,uf concentrations were 
higher than the zero tension Ptot,uf concentrations.  This was attributed to the 
wicks intercepting the free draining water flowing preferentially through the soil.  
Cl concentration increases were detected after the first rainfall event in 
monoliths 3, 5, and 8 indicating that macropores allowed the soil solution to flow 
preferentially through the soil.  Monoliths 3, 5, and 8 transported 60%, 40% and 
56% of the Cl applied and 0.61%, 2.75%, and 0.56 % of the P applied. 
Monoliths 1, 2, 6, and 7 had similar transport results for P; approximately 
0.14% of applied Ptot,uf  was transported through each of the monoliths.  These 
levels are moderately low compared to monoliths 3 and 8, and very low 
compared to monolith 4 and 5.  An increase in Cl concentrations for these 
monoliths was noticed shortly after the initial KCl solution was applied, but the 
relative concentration for Cl increased at a slower rate than the others, indicating 
that the majority of the flow was dominated by matrix flow.   
The Wilcoxon Signed Rank test was used to test if the concentrations of 
zero tension Ptot,uf  and the concentrations of wick Ptot,uf  differed at α= 0.05 in 
Phase II.  Results from the statistical test indicated that the concentrations of 
zero tension Ptot,uf  and wick Ptot,uf  for monoliths 1, 4, 5, 7, and 8 were not 
significantly different (P>0.05) and monoliths 2 and 3 were significantly different 
(P<0.05) (Table 6).  This suggests that the transport of P was not influenced by 
preferential flow paths in monoliths 1, 4, 5, 7, and 8, but was in monoliths 2 and 
3.  These results were likely influenced by the wicks intercepting flow from 
preferential flow paths.  
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Table 6.  P-values for determining if total unfiltered P (Ptot,uf) 
concentrations from the zero tension samples were significantly different from 
Ptot,uf concentrations in the wick samples tested during Phase II. 
 
Monolith Sample P-value
1 Zero/Wick 0.63 
2 Zero/Wick 0.03 
3 Zero/Wick 0.03 
4 Zero/Wick 0.06 
5 Zero/Wick 0.16 
7 Zero/Wick 0.63 
8 Zero/Wick 0.0625 
 
 
 
Phase II had a higher P and tracer concentrations through each monolith 
than Phase I.  This indicates that high intensity rainfall enhances the flow through 
the preferential flow paths, reducing the potential for the soil matrix and the 
solutes to interact.  Monoliths with an early breakthrough of Br or Cl generally 
had elevated Ptot,uf concentrations.  Phosphorus concentrations were the highest 
immediately following fertilizer application, signifying that application timing of 
fertilizer in relations to the timing of a rainfall event can influence the quantity of P 
transported through the soil.   
Monolith 4 had a significant amount of preferential flow under low and high 
intensity rainfall, which was indicated by the rapid transport of Br in Phase I and 
Cl in Phase II.  Br had a 0.5 relative concentration within 0.01 pore volume 
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during Phase I, which indicates extremely rapid transport.  If solute flow through 
the soil had been predominantly through the soil matrix, a 0.5 relative 
concentration for Br would have been noted at approximately 1 pore volume.   
Cl¯ was rapidly transported through monolith 4, which also had a 
noticeable increase in P concentrations.  The transport of P through a soil is 
typically perceived to be limited because of its high affinity to soil.  A 
breakthrough of solutes like P that adsorb to soil should show retardation.  This 
was contrary to the results found in this study in which P was detected shortly 
after applying fertilizer.   
Early breakthrough of Br was also noted in monoliths 3, 5, and 8 during 
Phase I and in Phase II, but only monolith 8 had elevated P during Phase I.  
However, all three monoliths had increased P levels during Phase II, especially 
after the fertilizer was reapplied.  The early detection of the Br suggested that 
these monoliths had preferential flow paths present.  Even though P levels in 
monolith 3 and 5 did not increase during low intensity rainfall, under high intensity 
rainfall a considerable increase in P concentrations were noticed following the 
first rainfall application.   
 The fertilizer applied during Phase I may have influenced the increase in 
P leached during Phase II.  The P in the fertilizer may have been adsorbed to the 
soil along the pore walls, reducing the available adsorption sites for the P applied 
in the second fertilizer application.  Thus, more P would remain in the soil 
solution and drain from the monoliths. 
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Monolith 4 illustrates the worse case scenario for the leaching of P, 
influenced by macropore flow, which allowed large quantities of P to be rapidly 
transported through the soil.  Monoliths 1, 2, 6, and 7 demonstrated the general 
perception of P transport through the soil matrix in which most of the P is 
retained.  Monoliths 3, 5, and 8 are variation between the two groups in which 
both types of flow are present, preferential and matrix.  
P concentrations were higher under high intensity rainfall as opposed to 
low intensity following fertilizer application.  High intensity rainfall following 
fertilizer application enhanced solute transport through the soil monoliths.  In the 
case of monolith 4, in which large macropores were present, even low intensity 
rainfall lead to significant leaching.  The highest concentrations of P occurred 
under high rainfall intensities, which was likely due to the ponding of water which 
allowed water to flow through the macropores.   
Colloidal P Transport  
 Initially, the samples were filtered with a 0.45-µm filter and/or a 0.1-µm 
filter.  As the researched progressed, samples filtered with a 0.1-µm filter were 
eliminated because 0.45-µm filtered samples did not differ from 0.1-µm samples.   
Phase I  
Statistical analysis was used to test if the difference between Puf and Pfil 
concentrations were significantly different.  Using the Wilcoxon Sign Ranks test,  
the Ptot,uf and Ptot,fil concentrations were significantly different (P<0.05) for all the 
monoliths except for wick samples 1 and 5 and the zero tension samples of 4 
(Table 7) (Figures 24-39).  Thirty percent of Ptot, was transported by colloids. 
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Table 7.  P-values for unfiltered versus filtered total P concentrations during 
Phase I.   
 
Monolith Sample 
Fertilizer 
Type P-value 
1 Wick DAP/Urea 0.35 
2 Zero Tension PL 0.03 
2 Wick PL 0.03 
3 Wick PL <.0001 
4 Zero Tension DAP/Urea 0.03 
4 Wick DAP/Urea 0.21 
5 Wick DAP/Urea 0.97 
6 Wick PL 0.04 
7 Wick DAP/Urea 0.01 
8 Wick PL 0.0009 
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Figure 24.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 1 treated with diammonium phosphate and urea for Phases I and 
II, zero tension.  Open dots represents the measurements following rainfall application. 
 65 
 
Monolith 1 Wick
0
0.1
0.2
0.3
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Pore Volume
P
 
(
m
g
 
L
-
1
)
Phase I
Phase II
Ptot,uf
Ptot,fil
Pino,uf
Pino,fil
Applied Fertilizer Applied Fertilizer
 
Figure 25.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 1 treated with diammonium phosphate and urea for Phases I and 
II, wick.  Open dots represents the measurements following rainfall application. 
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Figure 26.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 2 treated with poultry litter for Phases I and II, zero tension.  
Open dots represents the measurements following rainfall application. 
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Figure 27.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 2 treated with poultry litter for Phases I and II, wick.  Open dots 
represents the measurements following rainfall application. 
 68 
 
Monolith 3 Zero Tension
0
2
4
6
8
10
-0.12 -0.09 -0.06 -0.03 0 0.03 0.06
Pore Volume
P
 
(
m
g
 
L
-
1
)
Phase I Phase II
Ptot,uf
Ptot,fil
Pino,uf
Pino,fil
No Effluent
Applied Litter Applied Litter
 
Figure 28.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 3 treated with poultry litter for Phases I and II, zero tension.  
Open dots represents the measurements following rainfall application. 
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Figure 29.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 3 treated with poultry litter for Phases I and II, wick.  Open dots 
represents the measurements following rainfall application. 
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Figure 30.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 4 treated with diammonium phosphate and urea for Phases I and 
II, zero tension.  Open dots represents the measurements following rainfall application. 
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Figure 31.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 4 treated with diammonium phosphate and urea for Phases I and 
II, wick.  Open dots represents the measurements following rainfall application. 
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Figure 32.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 5 treated with diammonium phosphate and urea for Phases I and 
II, zero tension.  Open dots represents the measurements following rainfall application. 
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Figure 33.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 5 treated with diammonium phosphate and urea for Phases I and 
II, wick.  Open dots represents the measurements following rainfall application. 
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Figure 34.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and  
                   inorganic filtered P (Pino,fil) from monolith 6 treated with poultry litter for Phases I and II, zero tension.   
                   Open dots represents the measurements following rainfall application. 
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Figure 35.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 6 treated with poultry litter for Phases I and II, wick.  Open dots 
represents the measurements following rainfall application. 
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Figure 36.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 7 treated with diammonium phosphate and urea for Phases I and 
II, zero tension.  Open dots represents the measurements following rainfall application. 
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Figure 37.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 7 treated with diammonium phosphate and urea for Phases I and 
II, wick.  Open dots represents the measurements following rainfall application. 
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Figure 38.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 8 treated with poultry litter for Phases I and II, zero tension.  
Open dots represents the measurements following rainfall application. 
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Figure 39.  Concentrations of total unfiltered P (Ptot,uf), total filtered P (Ptot,fil), inorganic unfiltered P (Pino,uf), and 
inorganic filtered P (Pino,fil) from monolith 8 treated with poultry litter for Phases I and II, wick.  Open dots 
represents the measurements following rainfall application.
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Approximately 20% of Pino and 38% of Porg was transported by colloids through 
the monoliths during Phase I.   
Phase II     
Puf and Pfil concentrations measured during Phase II were statistically 
compared to determine the influence of colloids on the transport of P under high 
intensity rainfall.  Analysis concluded that the differences in concentrations for Puf 
and Pfil, were not significantly different (P>0.05) for monoliths 3, 4, 5, 6, 7, and 8 
for both the zero tension samples and wick samples.  The only significant 
difference (P<0.05) was detected from the wick and zero tension samples of 
monoliths 1 and the zero tension samples of monolith 2 (Table 8).  Total, 
unfiltered P concentrations for the zero tension samples of monolith 1 and wick 
samples of 1 and 2 (Figures 24, 25, and 27) are much higher the Ptot,fil.  These 
large differences may explain why a significant difference was detected between 
the unfiltered and filtered samples.  The other monoliths had relatively similar 
concentrations for unfiltered and filtered Ptot samples (Figures 24-39).  
Concentration differences between the unfiltered and filtered Ptot samples in 
monoliths 1 and 2 were the highest following the reapplication of fertilizer and 
rainfall. 
 The colloidal results for Phase II may have been influenced by: (i) the 
removal of colloids during Phase I; (ii) the enhanced flow during Phase II reduced 
the adsorption potential of P; or (iii) the large concentrations of P leachate during 
Phase II made the portion transported by colloids relatively insignificant.   
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Table 8.   P-values for unfiltered versus filtered total P concentrations during 
Phase II.  
 
Monolith Sample 
Fertilizer 
Type P-value 
1 Zero Tension DAP/Urea 0.03 
1 Wick DAP/Urea 0.03 
2 Zero Tension PL 0.03 
2 Wick PL 0.44 
3 Zero Tension PL 0.16 
3 Wick PL 0.31 
4 Zero Tension DAP/Urea 0.31 
4 Wick DAP/Urea 0.44 
5 Zero Tension DAP/Urea 0.06 
5 Wick DAP/Urea 0.44 
6 Wick PL 0.44 
7 Zero Tension DAP/Urea 0.19 
7 Wick DAP/Urea 0.44 
8 Zero Tension PL 0.06 
8 Wick PL 0.09 
 
 
Concentrations in the leachate varied from extremely high after the fertilizer 
was reapplied to near the detection limit.   
Fertilizer Type and P Transport  
During Phase I, the poultry litter treated monoliths and DAP and urea 
treated monoliths had similar Pino and Porg leached masses with the 
exception of monolith 4 (Table 9).  Monolith 4 had the largest difference 
between Pino and Porg leached during Phases I, and II that may be due to the 
large macropores within the monolith.  Although P concentrations were 
higher during Phase II, no distinct difference between the Pino and Porg 
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Table 9.  Mass of organic P (Porg) and inorganic (Pino) and ratio of Porg to Pino leached during Phases I and II. 
Total Mass of Pino and Porg Leached from Monoliths (mg) 
Phase I Phase II 
        
 Poultry Litter  Poultry Litter 
Monolith Pino (mg) Porg (mg) Pino/Porg (mg) Monolith Pino (mg) Porg (mg) Pino/Porg (mg) 
2 0.42 0.89 0.47 2 0.17 0.58 0.29 
3 0.29 0.94 0.31 3 2.37 0.93 2.56 
6 0.26 0.41 0.63 6 0.16 0.62 0.26 
8 0.42 0.73 0.58 8 1.44 1.58 0.91 
Avg 0.35 0.74 0.50 Avg 1.04 0.93 1.01 
        
 DAP/Urea  DAP/Urea 
Monolith Pino (mg) Porg (mg) Pino/Porg (mg) Monolith Pino (mg) Porg (mg) Pino/Porg (mg) 
1 0.27 0.47 0.57 1 0.45 0.32 1.40 
4 35.13 15.26 2.30 4 25.09 2.44 10.30 
5 0.33 0.53 0.62 5 12.38 2.49 4.96 
7 0.38 0.51 0.75 7 0.27 0.44 0.62 
Avg  9.03 4.19 1.06 Avg 9.55 1.42 4.32 
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leached mass for the majority of the monoliths was observed.  Monoliths 4 
and 5, which were treated with DAP and urea, had a higher fraction of Pino 
compared to Porg.  Monolith 8, which was treated with poultry litter, had a 
slightly higher fraction of Porg compared to Pino mass.  These monoliths were 
the only ones to suggest that fertilizer type may have affected P transport.    
The Wilcoxon Mann Whitney test was used to determine if the mass of 
Pino and Porg measured in the leachate from the monoliths treated with poultry 
litter was significantly different from the monoliths treated with DAP and urea 
during Phases I and II.  The effects of fertilizer type on P transport through 
the soil monoliths during both Phases was statistically non-significant 
(P>0.05), revealing that fertilizer type did not influence the transport of Pino 
and Porg through the soil monoliths (Table 10 and 11).   
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Table 10.  P-values for the mass of inorganic P (Pino) transported through the 
poultry litter treated versus DAP/urea treated monoliths during Phases I and II. 
 
Phase P values
I 0.44 
II 0.16 
  
 
 
Table 11.  P-values for the mass of organic P (Porg) transported through the 
poultry litter treated versus DAP/urea treated monoliths during Phases I and II. 
 
Phase P values
I 0.19 
II 0.50 
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Chapter 5 
CONCLUSION  
 Tests from this study included laboratory evaluation of Cl, Br, Ptot, Pino, 
and Porg transport through large, intact soil monoliths under two rainfall 
intensities.  Results from these test provided the following conclusions: 
Preferential flow paths enhanced the transport of P through the soil 
monoliths.  Higher concentrations and an early breakthrough of the tracers in the 
zero tension leachate suggested the amount of P adsorbed by soil particles is 
reduced by the presence of macropores.  During Phase I monolith 4 had a 
significantly different (P<0.05) Ptot,uf concentrations in the zero tension samples 
versus the wick sample, indicating that P transport was influence by macropores.  
High rainfall intensity that creates temporary ponding on the surface and allows 
water to flow through macropores increases the likelihood that P will be leached 
through the soil profile.  Although, the Ptot,uf concentrations measured in the zero 
tension and wick leachate during Phase II were not statistically different (P>0.05), 
this was likely due to the wicks intercepting macropore flow.   A higher 
concentration of P was transported rapidly through the monoliths when water 
was allowed to pond on the soil surface. 
The effect of colloids on the P transport was significant (P<0.05) during 
Phase I.  The influence of colloids on the transport of P was not significant during 
Phase II (P>0.05), which may have been influenced by Phases I flushing colloids 
from the monoliths.  Fertilizer type (organic/inorganic) did not significantly affect 
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the mass of Pino & org (P>0.05) transported transport through the monoliths during 
Phase I or II. 
Soils that have large preferential flow paths, receiving continuous poultry 
litter or any other type of organic fertilizer based on N requirements, may be apt 
to discharge significant amounts of P.  Preferential flow paths also reduce the 
potential of a reactive solute to be retained by the soil matrix, as a large portion 
of the soil is by-passed.          
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Figure A-1.  Adsorption reaction of orthophosphate (PO43-) by gibbsite from soil 
solution due to ligand exchange.  Note that one or two water molecules are 
displaced by PO43- (Essington, 2003). 
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